The impulse oscillometry system is a noninvasive method of evaluating respiratory mechanics that is being increasingly used in the pediatric population. To date, no reference equations have been developed for healthy Brazilian children and adolescents. The purpose of the study was to determine the reference equations for impulse oscillometry system parameters in healthy children and adolescents. METHODS: We undertook an observational cross-sectional analytical study with healthy students age 6 -14 y from educational institutions in the Greater Florianópolis area. Biometric data were evaluated (weight, height, body mass index, and body surface area) as predictors and for sample characterization. All participants were submitted to evaluation of respiratory mechanics using an oscillometry system following American Thoracic Society standards. Three tests were recorded, with data acquisition for >20 s. For data normality verification, the Kolmogorov-Smirnov test was applied, and Pearson's correlation test identified the relationship between the predicted values of height, age, and weight and the oscillometric variables of resistance at 5 and 20 Hz reactance; respiratory impedance at 5 Hz resonant frequency; and reactance area. Models were developed using simple linear regression and multiple analyses. RESULTS: After the recruitment of 864 children, 123 subjects with an average age of 10.0 ؎ 2.4 y for boys and 9.9 ؎ 2.4 y for girls (P ‫؍‬ .94) were considered for final analysis. Correlations were identified between the dependent and predictor oscillometric variables, with height identified as having the greatest predictive power in the equations developed for boys in all oscillometric parameters, with a mean adjusted R 2 of 46.51%. Age had greater influence on resonant frequency (adjusted R 2 ‫؍‬ 40.1%) and reactance area (adjusted R 2 ‫؍‬ 48.8%) for girls. CONCLUSIONS: Reference equations were developed for males and females, and height was the most influential predictor variable for most impulse oscillometry system parameters in the population studied.
Introduction
The development of methods for the assessment of the respiratory system emerged with the aim of understanding lung physiology, growth, and development as well as verifying the association of these factors with changes in respiratory mechanics. 1 The impulse oscillometry system is an important resource for the evaluation of such changes. [2] [3] [4] The impulse oscillometry system has been successful, particularly in the respiratory assessment of children, because it does not require effort and it is easy to apply. 4, [5] [6] [7] [8] The literature presents some studies using the impulse oscillometry system as a complementary method of evaluation in children with respiratory disorders, with emphasis on asthma and cystic fibrosis. [8] [9] [10] [11] [12] Investigations carried out with healthy children show a growing trend toward determining equations/reference values for new methods of respiratory assessment. 13 The main studies on this subject were conducted in different countries, and, as yet, no equations/reference values for impulse oscillometry system parameters have been presented for healthy children in Brazil.
Recently, a publication addressed the determination of reference values for Mexican children and adolescents, 14 also showing the use of this respiratory test in Latin American countries. This study, as well as other research in the area of pediatrics, shows that height is considered the most influential variable for impulse oscillometry system parameters and an important element for determining equations and reference values.
In Brazil, determining these equations will help to monitor lung function and respiratory symptoms in children and will enable comparisons between different pediatric populations. In addition, it is a useful tool to complement tests such as spirometry, which requires difficult forced maneuvers that could prevent the achievement of qualitatively and quantitatively satisfactory results. 15 The present study aims to determine reference equations for impulse oscillometry system parameters in Brazilian children and adolescents age 6 -14 y.
Methods
This is an observational cross-sectional analytical study with school-age children and adolescents, approved by the Research Ethics Committee of Universidade do Estado de Santa Catarina (UDESC), Brazil (approval number 97/2011). Data collection was conducted at public and private elementary schools of the Greater Florianópolis area from October 2012 to May 2014. After receiving authorization, the schools informed the child's guardian about the goals, procedures, risks, and benefits of the research, and informed consent was obtained.
Healthy children, age 6 -14 y, participated in the study. Based on the guidelines of the American Thoracic Society and European Respiratory Society, individuals with the following characteristics were excluded: family history of wheezing or asthma, personal history of allergic rhinitis (ISAAC), 16 premature birth, low birthweight or history of pulmonary invasive mechanical ventilation and/or bronchopulmonary dysplasia in the neonatal period, exposure to passive smoking in the family or during pregnancy, obesity according to the classification of the Telessaúde Program of the Ministry of Health, recent upper respiratory tract infection (up to 2 weeks before evaluation), severe respiratory disease, and dyspnea. 3, [16] [17] [18] [19] [20] In addition, individuals were also excluded if they presented cardiorespiratory, musculoskeletal, neurological, or rheumatic diseases and auditory or visual deficits that might interfere with data collection and acquisition.
For the implementation of the data collection, all participants underwent biometric tests. Weight (kg) was measured with a previously calibrated glass digital scale (Ultra Slim W903-Wiso, China). Height (inches/cm) was assessed by means of a portable Stadiometer (Personal Caprice Sanny -Fortaleza, CE/Brazil). Body mass index was calculated for each child as kg/m 2 . Body surface area was also calculated based on the study of Du Bois et al. 21 Body surface area is routinely used in studies on impulse oscillometry in children. 20, 22 For the lung function tests (spirometry and impulse oscillometry), the MasterScreen impulse oscillometry system (Erich Jaeger, Friedberg, Germany) was used. Before each period of data collection, the system was calibrated using a digital thermo hygrometer and humidity monitor (model 7663, Incoterm/China).
Participants were trained on an individual basis at the time of collection, and each assessment lasted about 15-20 min. All tests were carried out by the same researcher. To ensure that there was no interference of the forced expiratory maneuvers with the results of the examination, an oscillometry test was carried out before the spirometry.
The oscillometry test was then carried out in accordance with American Thoracic Society guidelines following the same rules for the forced oscillation technique. 3 The children were instructed to position the mouth on the mouthpiece and breathe spontaneously in tidal volume. A min-
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Current knowledge
The determination of reference equations for the impulse oscillometry system allows comparisons between different nationalities and extends the use of this tool for noninvasive evaluation of respiratory mechanics. As in other studies, height is identified as the most influential predictor variable for most impulse oscillometry parameters in children and adolescents.
What this paper contributes to our knowledge
Considering the impulse oscillometry parameters studied, 6 reference equations in Brazilian healthy children and adolescents were obtained for each sex. Height was identified as having the greatest predictive power in most of the equations developed for boys and girls. imum time of 20 s was set for data acquisition. Tests with changes in the oscillometric parameters during this collection were disregarded. Tests were only considered valid if the trace was linear, ascendant, and within the system's range of normality without interference, such as cough, crying, or swallowing, during measurements. 20, 23, 24 Three measures were carried out, and each participant's best test was selected. A maximum of 10% variation between measurements was allowed for each of the parameters. To ensure test precision, coherence was measured at 5 Hz ϭ 0. 8 Frequencies of 5 and 20 Hz were used because they are the ones used most often for interpreting the presence of obstructive disorders. The oscillometric parameters measured at high frequency (20 Hz) express the behavior of large airways, whereas those measured at low frequency (5 Hz) reflect the behavior of the small airways. 25 At the end of the oscillometric test, spirometry was carried out to verify the absence of disease. Participants were excluded if they presented changes in FEV 1 and FVC, with values below 80% of FEV 1 /FVC or below 0.70 of predicted. 26 Those who did not show curves within the criteria of acceptability and reproducibility were also excluded. 27 American Thoracic Society/European Respiratory Society guidelines were followed for the spirometric testing.
The sample calculation was carried out by determining the mean and 95% CI of the impulse oscillometry system parameters according to sex. Thus, three impulse oscillometry system parameters were selected: R5, which expresses the total airway resistance; X5, representing the peripheral area of the airway; and Fres, which is a graphic variable identifying the presence of obstructive disorders.
The data for these parameters were obtained through a pilot study with 54 children and adolescents age 6 -14 y. Based on the SD value of each parameter, a specific ⌬ was calculated according to the respective behavior of variation, and using the formula recommended by Hair et al, 28 a minimum sample size of 96 individuals was considered sufficient. This result considered the highest value among the 3 chosen variables (R5 ϭ SD of 1.77 and ⌬ ϭ 0.5). The formula given by Freund and Simon 29 was also considered, according to which a minimum of 20 individuals is required for each predictor variable in studies on equations/reference values. Including the variables measured for the present study (height and age), a total of 80 participants (40 boys and 40 girls) was considered sufficient.
For statistical analysis, we evaluated the fit of the dependent variables to the normal distribution using the Kolmogorov-Smirnov test. In females, a base 10 transformation of the variables Z5, R5, R20, Fres, and AX was performed. In males, the variable AX was also transformed.
Pearson's correlation was used; therefore, simple linear regression analysis was carried out to evaluate the relationship between the impulse oscillometry system parameters (dependent variables) and the anthropometric data (predictor variables). 30 Next, multivariate models were developed by multiple linear regression, incorporating predictor variables correlated to the dependent variable. The stepwise method was used to select the variables. The probability for inclusion of a predictor variable in the model was P Յ .05, and probability for exclusion was P Ն .10. The multicollinearity was evaluated among the predictor variables age, weight, height by variance inflation factor, and tolerance. For evaluation of model adjustment, residual analysis was carried out. The mean of the residuals was zero, and they had regular distribution. To choose the best model, the coefficient of determination (adjusted R 2 ) and the theoretical reference on the topic were taken into account.
Data were analyzed using SPSS 20.0 for Windows (IBM Corp, Armonk, New York). The significance level was set at 5% (P Յ .05) for the Mann-Whitney test and 1% (P Յ .01) for the remaining tests.
Results
Initially, 864 children were evaluated from which 741 were excluded, for a total of 123 schoolchildren. Exclusion criteria included: allergic rhinitis, asthma, bronchitis, lung disease, passive smoking, history of pneumonia, respiratory infection, equipment failure, incomplete questionnaire, obesity, underweight, modified spirometries, prematurity, refused participation, other nationality, above age limit, and other adverse conditions (myelomeningocele, dwarfism, rheumatism, hearing impairment, attention deficit, diabetes, hypothyroidism, thoracic deformity). The same child or adolescent may have been excluded for multiple reasons (Figure 1) . We also excluded 39 children and adolescents who could not be paired for the statistical analysis in order to decrease selectivity bias and to make the sample as homogeneous as possible. 78% of the selected children were classified as normal-weight, and 94.3% were identified as white. Boys were age 10.0 Ϯ 2.4 y on average, and girls were age 9.9 Ϯ 2.4 y (P ϭ. 94). Biometric characteristics of height, weight, and body mass index are presented in Table 1 .The mean body surface areas were 1.20 Ϯ 0.26 and 1.21 Ϯ 0.24 m 2 (P ϭ. 83) for boys and girls, respectively.
According to the inclusion criteria, all participants had ISAAC 16 Table 2 . Correlations were found between dependent oscillometry variables and predictor variables, as described in Table 3 .
The results of the Pearson correlation between oscillometric parameters (R5, R20, X5, Z5, Fres, and AX) and the anthropometric data show that the variable height had the highest coefficients, ranging from 0.39 to 0.79 in boys and from 0.74 to 0.77 in girls. There were no differences between the sexes in the oscillometric variables studied (Table 4) . Association of selected impulse oscillometry parameters with height and age is presented in Figure 2 . Table 5 presents the models of equations obtained by multiple linear regression analysis, according to the sex of the participants (boys and girls). Height was the variable with the most predictive power for models of all oscillometric variables in boys and for most of the variables in girls, with the highest coefficients of determination (R 2 ). Based on the highest adjusted R 2 values, height and age were the variables that remained in the proposed regression models. The regression lines for boys and girls obtained in the present study and the other reference equations for both sexes are presented in Figure 3 , considering the ideal (50th percentile). 
Discussion
This study included a sample of healthy Brazilian children and adolescents age 6 -14 y, and the reference equations for the impulse oscillometry system were obtained considering the oscillometric parameters measured at 5 and 20 Hz. To date, there are few publications on the subject in different countries. More recent work identified by a review by Assumpção et al 31 include the studies by Park et al, 4 Dencker et al, 20 Amra et al, 22 Frei et al, 24 Kalhoff et al, 32 and Wee et al 33 . In 2015, most importantly, the study by GochicoaRangel et al 14 was carried out for the Latin American population.
In the development of effective equations and reference values for the different oscillometric parameters, predictor variables, such as weight, age, height, body mass index, and body surface area, have often been investigated. Among them, body surface area is the only variable that has not been shown to influence the parameters obtained by the system. 23 Height has been identified as the best predictor factor, possibly because it is associated with a linear increase in lung volume. 4, 6, 20, 24, 33, 34 Similarly to the above mentioned studies, the reference equations obtained by the impulse oscillometry system in healthy children and adolescents in Brazil revealed that height is the variable with the greatest predictive power among the oscillometric parameters.
Height was the predominant predictor variable in impulse oscillometry system parameters in boys, which may be explained by the fact that males have larger lung volumes than females. According to the literature, males also present a disproportionate increase in chest dimensions as they grow. 35 Increased respiratory muscle strength is another male characteristic that may be responsible for higher dynamic compression of the airways, evidenced by the lower means presented by boys for FEV 1 /FVC. 36 These sex differences led us to develop different equations for boys and girls for each of the impulse oscillometry system parameters. The highest mean FEV 1 was identified in boys (98.60 Ϯ 10.17 vs 94.63 Ϯ 9.55) when they showed greater height than girls (at ages 11-14 y). Most oscillometric parameters investigated in the present study showed agreement with the results of other publications. 4, 6, 37 Results of the correlations between oscillometric and anthropometric variables presented the same behavior pattern, with height, age, and weight showing negative correlations for R5, R20, Z5, Fres, and AX and positive correlations with X5.
Also as expected, resistance (R) tends to decrease with increasing height and age. Such behavior is attributed to the growth of the child, because resistance is closely linked to distention of the pulmonary parenchyma and the phenomenon of air passage through the bronchi and bronchioles. 38 Therefore, taller and older schoolchildren have increased airway dimension and, consequently, lower resistance, due to their greater thoracic size. 6, 20 This behavior may also be associated with Poiseuille's law. 39 Another parameter that presents significant increase with height increase is the respiratory reactance (X). The reason for this is that taller individuals have different elastic properties or heterogeneity of central airways. 6 Just as all generations of the bronchial tree are formed at birth and the number of alveoli increases during growth, height increase is linked to advancing age and reflects, in part, the increase in the number of alveoli. 40 Similarly to R, X at low frequencies, such as 5 Hz, reflects deeper lung compartments that include peripheral units of volume and length of the lung tissues, including the thorax. 20 Regarding the Fres and AX parameters, the correlation between the data and age may be due to the fact that Fres determines the AX value. The AX area was proposed by Goldman as an alternative method to assess low-frequency system capacity, considering a sum of reactance values that are graphically below Fres. Such low-frequency signals reflect more clearly the peripheral airway obstruction. 7, 24 In older children, the value of Fres also tends to decrease because this parameter is inversely related to the size of the airway, aside from being a graphical representation that enables the identification of obstructive disorders. 25, 41 Considering the relationship between the oscillometric, anatomic, physiologic, and anthropometric parameters described here, there is a need for more theoretical material exploring this relationship. With regard to the anthropometric factors, the identification of height as the main predictor variable for all oscillometric parameters in males is accompanied by the presence of the Pearson correlation coefficients (r ϭ 0.39 to r ϭ 0.79), introducing coefficients higher than weight and age, and of those found in other investigations. In Frei et al, 24 height showed coefficients of approximately r ϭ 0.58 to r ϭ 0.69 for X5, R5, R20, Fres, and AX. Height was also identified as the predictor variable that influenced most impulse oscillometry system parameters in girls (R5, R20, X5, and Z5). 24 For Fres parameters and AX, age was the variable with the greatest correlation coefficients, corroborating the findings of Frei et al, 24 in which the relationship between this variable and Fres and AX was greater than for weight and height.
The study that most closely matches the findings of this research is the work of Gochicoa-Rangel et al, 14 which analyzed the same age group and included a healthy Latin American population. The authors found high correlation coefficients (around 80%), and the age and height variables were inserted into equations. In this work, the oscillometric parameters R, X, and Fres were numerically higher than the values resulting from the proposed equations in the current research, which analyzed Brazilian schoolchildren.
Accompanying this statistical behavior of the dependent variables, the described coefficients of determination explained the model proposed here satisfactorily and with higher values than the other publications on the subject, given that the adjusted R 2 remained around 46.5% in boys and 53.2% in girls. It should be noted that the findings of this research reveal a greater influence of predictive factors on the impulse oscillometry system parameters than the results of studies of other nationalities in previous years.
Amra et al 22 investigated a similar age group and found that height and age were the variables best correlated to the oscillometric parameters. It is important to emphasize that the relationship between these variables and the impulse oscillometry system data for R5 and X5 presented the lowest determination coefficients (3-27%). In other studies, the coefficients ranged from 21 to 43% and from 13 to 30%. 22, 24 The publications described above relate to schoolchildren; however, more recent studies on the determination of equations/reference values for the impulse oscillometry system have investigated even younger populations, such as preschoolers, due to the ease of application in this age group. 4, 31, 34 However, these studies have a limitation, which is low coefficients of determination for the variables (ϳ20%). 4, 42 Although studies on the determination of reference equations for the impulse oscillometry system in children have included different ages, frequencies, and acquisition times, most of them have found that height is an influential element in preparing the equations. A possible limitation of this study was the extensive list of criteria that children had to meet to be considered healthy, which resulted in a smaller sample. In addition, the study was conducted in few Brazilian cities, representing the behavior of that population. The reason for this is the lack of impulse oscillometry system devices available in the country and the fact that this was a pioneer study on the topic.
